We examined whether the diet quality of healthy children prior to the pubertal growth spurt was associated with age and body composition at puberty onset. Multivariate regression analyses were performed using data from 222 Dortmund Nutritional and Anthropometric Longitudinally Designed Study participants (mean age 6 SD at baseline: 7.4 6 1.3 y) with 3-d weighed dietary records and anthropometric data at baseline, i.e. the visits 2 and 3 y before the onset of pubertal growth spurt [defined as age at take-off (ATO)]. Diet quality at baseline was determined using the nutrient density-based Nutritional Quality Index (NQI) and the food group and nutrient-based Revised Children's Diet Quality Index (RC-DQI).
Introduction
Early age at puberty onset is an established risk factor for a number of hormone-related cancers (1) (2) (3) (4) , all-cause mortality (5, 6) , and has also been linked to later insulin resistance (7) and adiposity (8) . The influence of modifiable risk factors such as nutrition on puberty onset has therefore been addressed by various studies. To date, some (9-13), but not all (14) (15) (16) prospective observational studies suggested a role for dietary intakes during prepuberty; higher intakes of fat (9, 13) or animal protein (9) were associated with earlier menarche, whereas higher intakes of carbohydrate (12) , thiamine (12) , iron (12) , fiber (10, 11) , vegetable protein (11) , or animal protein (10) were related to later menarche. However, all of the above studies (9) (10) (11) (12) (13) (14) (15) (16) were conducted in girls and most of them focused on the timing of menarche, which represents a relatively late stage of reproductive development. Thus, use of markers that indicate an early stage of pubertal development, such as the age at take-off (ATO; 6 the age at minimal height velocity) (17) , may be more appropriate to address this research question. Additionally, only single or a few nutrients were addressed. It is conceivable that micronutrients, macronutrients, and/or food groups may influence puberty onset through their combined effects. Dietary quality indices (18) , which measure the extent to which current dietary recommendations are met, can thus provide additional insight into the effect of diet as a whole. To date, 3 dietary indices (19) (20) (21) have been developed for children. These measure adherence to different dietary recommendations: nutrient (21) or food group (19) specific recommendations or a combination of both (20) . It is thus desirable to consider the potential influence of different aspects of overall diet quality in prepuberty on the timing of puberty.
Data from 3 cross-sectional studies (19, 20, 22) in children and adolescents suggest that diets that adhere better to dietary recommendations may also be related to lower BMI (19) , percent body/abdominal fat (22) , and obesity prevalence (20) in childhood, another modifiable risk factor that potentially influences puberty onset (23) . However, prospective evidence is lacking. The years before puberty onset, i.e. the period of the adiposity rebound between age 4 and 6 y, in which the BMI after a rise in infancy and subsequent decline begins to increase again, are potentially critical for later body composition (24) . Thus, diet quality in this time window may be particularly relevant for subsequent body composition and puberty onset.
Using prospectively collected data from the Dortmund Nutritional and Anthropometric Longitudinally Designed (DONALD) Study, we thus investigated whether the extent to which current dietary recommendations are met (as assessed by 2 dietary indices) in the years preceding puberty onset was associated with the chronological age at the onset of the pubertal growth spurt (defined as ATO) and with body composition at ATO.
Participants and Methods
Study sample. The DONALD Study is an ongoing, open cohort study that was started in 1985 in Dortmund, Germany. Details on the participant selection procedure and the study protocol have been described elsewhere (25) . In brief, on average 40-50 infants are newly recruited each year and first examined at the age of 3-6 mo. From then on, detailed data on nutrition, growth, metabolism, and health status are collected at regular intervals from the age of 3 mo until the age of 25 y: up to 3 further visits in the first year of life, 2 in the second, and 1/y thereafter. The study was approved by the Ethics Committee of the University of Bonn and all examinations were performed with parental consent.
The children who were initially recruited into the DONALD Study differed considerably in age, so information on the first few years of life was not always available. In addition, many children have not yet reached adolescence. ATO could thus be estimated for 411 participants of the DONALD Study and a plausible ATO was achieved for 376 children (17) . The plausibility of each child's ATO was determined by visual inspection of each individual growth curve and by using the cutoffs ATO $5 and ,13 y. Reasons for an implausible ATO included no measurements after age 13 y, too few measurements between age 13 y and young adulthood, or an unusually flat growth curve. Of the 376 children, 222 (103 boys and 119 girls) provided plausible nutritional data at the visits 2 and 3 y prior to ATO (baseline) [3 dietary records were excluded due to implausible energy intakes according to the ageand sex-specific cutoffs (26) ] and complete anthropometric data at ATO, as well as information on potential confounders at baseline.
Anthropometry and the assessment of puberty onset. Anthropometric measurements of the DONALD participants are performed at each annual visit by nurses who have been trained according to standard procedures (27) , with the children dressed in underwear only and barefoot. From the age of 2 y onwards, standing height is measured to the nearest 0.1 cm using a digital stadiometer (Harpenden). Weight is measured to the nearest 0.1 kg using an electronic scale (Seca 753E). Skinfold thicknesses are measured from 6 mo onwards on the right side of the body to the nearest 0.1 mm using a Holtain caliper.
For BMI, sex-and age-independent Z-scores were calculated using the German reference curves (28) . Overweight was defined according to the International Obesity Task Force BMI cutoffs for children, which correspond to an adult BMI of 25 kg/m 2 (29) . Percent body fat (%BF) was calculated using the Slaughter equations (30) . %BF has recently been criticized as inadequately reflecting body size-adjusted adiposity (31); thus, fat mass index (FMI): (weight 3 %BF / height 2 ) and fat-free mass index (FFMI): [weight -(weight 3 BF%) / height 2 )] as previously introduced by Maynard et al. (32) were used as measures of body composition in the present study. Subsequently, Z-scores of FFMI and log-transformed FMI were obtained by internal standardization to the sample (by chronological age and sex; mean = 0, SD = 1).
ATO was estimated using the parametric Preece and Baines formula 1 (PB1) (33) . As described previously (17) , PB1 was fitted on various sexspecific age ranges of height-for-age, beginning with age 2 y, to determine the optimal range for the data. Based on the criteria determined for best fit, all measurements in this analysis from age 5 and 6 y onwards in girls and boys, respectively, were selected and entered into PB1.
Nutrition assessment. Food consumption of the children in the DONALD Study was assessed using 3-d weighed dietary records as described previously (25) . The participants chose the first day of dietary recording within a given period of time. Parents are asked to weigh all foods and beverages consumed by their children, including leftovers (e.g. in milk bottles) to the nearest 1 g over 3 consecutive days with the help of regularly calibrated electronic food scales [initially Soehnle Digita 8000 (Leifheit AG), now WEDO digi 2000 (Werner Dorsch)]. Parents are instructed by trained dieticians and semiquantitative recording (e.g. number of spoons, scoops) is allowed when exact weighing is not possible. Information on recipes or the types and brands of food items is also requested. The mean energy and nutrient intakes of the participants are calculated using the in-house nutrient database, LEBTAB (34) .
For this analysis, intakes of energy, nutrients, and food groups for each child were calculated as individual means of intake 2 and 3 y prior to ATO. Weekdays (67.8%) and weekend days (32.2%) were proportionally distributed in the children in the present analysis. To date, 3 diet indices measuring adherence to dietary recommendations are available for children: the Nutritional Quality Index (NQI) (21) , the Youth Health Eating Index (19) , or the Revised Children's Diet Quality Index (RC-DQI) (20) . The Youth Health Eating Index requires data on 4 components (fried foods outside home, visible animal fat, eat breakfast, and dinner with family), which are not assessed in the DONALD Study. We thus determined diet quality at baseline using 2 diet quality indices: the NQI and the RC-DQI.
NQI. The NQI (21) determine the extent to which a child meets the nutritional recommendation for particular nutrients. In the present analysis, NQI scores indicate the diet quality expressed as nutrient density. In a first step, the intake of each nutrient was compared with the recent age-and sex-specific dietary reference values issued by the German Nutrition Society, the Austrian Nutrition Society, the Swiss Society for Nutrition Research, and the Swiss Nutrition Association (35) ; percentages indicating the extent to which the recommendation was met were calculated. The energy density-based NQI-plus (NQI + ) scores summarize the extent to which the recommendations for fat and saturated fatty acids were met, i.e. those nutrients that should not exceed the recommended level. The energy density-based NQI-minus (NQI 2 ) score expresses the extent to which the recommendations were met for water, protein, carbohydrate, fiber, folate, vitamin C, vitamin E, sodium, iron, and calcium, i.e. those nutrients that should not fall below the recommended level. In a further step, both an NQI + and an NQI 2 were calculated for each study participant, each as the individual harmonic mean of the respective nutrient components. The NQI + or NQI 2 scores theoretically range from 0 to 100, with a higher score indicating better diet quality.
RC-DQI. The RC-DQI was developed to rate diet quality in preschool (36) and older children (37) by scoring their nutritional intakes in relation to the U.S. dietary intake recommendations (nutrients and food groups) and addressing health-promoting behaviors. The scoring scheme of the RC-DQI is based on the premise that children who consume nutrients or foods within the recommended ranges receive full points for each component; the number of points is then reduced proportionally for children with suboptimal intakes according to their deviation from the ideal. RC-DQI scores theoretically range from 0 to 1, with higher scores indicating better diet quality. Thirteen components were considered: intakes of added sugar, total fat, linoleic and linolenic acids, docosahexaenoic acid and eicosapentaenoic acid, total grains, whole grains, vegetables, fruits [fruit juice was counted in this group, with 4 oz (~120 mL) being 1 serving (1 cup)], excess fruit juice [daily 100% fruit juice intake . 6 oz (~180 mL) for children younger than 7 y or .12 oz (~360 mL) for children older than 6 y], dairy, and iron, as well as a component representing a proxy for energy balance. For the latter, the ratio of metabolic equivalent (MET) and daily energy intake was estimated. Energy intakes were obtained from the dietary records and sex-and age-specific MET (38) at baseline were assigned by levels of activity (see additional information). These MET were: 230-260, 270-310, and 310-350 kJ/(kg×d) for light, moderate, and high levels of physical activity, respectively, for boys aged 5-10 y at baseline and 225-245, 265-320, and 305-335 kJ/(kg×d), respectively, for girls aged 4-8 y at baseline.
Parental characteristics and additional information. Parental weight and height are measured by the same trained nurses who assessed the anthropometrics of the participating children. Parents are also asked to provide information about pregnancy and family characteristics, their educational status, and employment. In addition, at each visit to the study center, an interview and a medical examination are performed by a pediatrician to obtain detailed data on illnesses and food preferences. Until 2005, parents of children aged 5, 9, 13, and 17 y were asked which sports their children performed and how often. Using this relatively crude information, the level of physical activity at age 5 y was determined (low, moderate, or high).
Potential confounders. Because early life factors may affect pubertal timing (39) (40) (41) , birth weight, full breast-feeding for at least 4 mo, and rapid weight gain between birth and 24 mo were considered as potential confounders. Levels of physical activity were considered in analyses for NQI (physical activity is part of a RC-DQI component). Furthermore, we considered confounding by family characteristics: maternal overweight (BMI $25 kg/m 2 , based on measured weight and height), maternal education ($12 y of schooling), and smoking status of the household (household smoking yes/no).
Statistical analysis. In our participants, the RC-DQI score ranged from 0.53 to 0.95, whereas the NQI + score ranged from 2 to 100 and the NQI 2 score from 47 to 95. To obtain 3 categories characterizing a lower, moderate, and higher diet quality at baseline, NQI and RC-DQI were grouped as follows: 1) NQI categories were defined using the median of the continuous NQI + ) diet quality; 2) the continuous RC-DQI scores were divided into quartiles and combined the 2nd and 3rd quartiles to create 3 similar RC-DQI categories: lower (,25th percentile), moderate ($25th and #75th percentiles), and higher (.75th percentile) diet quality.
Differences in nutritional intake, sociodemographic and anthropometric data between categories of NQI or RC-DQI were tested using the Kruskal-Wallis test for continuous variables and the chi-square test for categorical variables.
Because we were interested in the prospective relevance of diet quality, we initially conducted separate analyses with dietary data at 2 and 3 y prior to ATO. Dietary intake 1 y prior to ATO was considered too close to the outcomes. Separate analyses for 2 and 3 y prior to ATO yielded comparable results, but associations were most consistent for the individual means of the 2 time points, i.e. the habitual dietary intake in prepuberty. To investigate the prospective relevance of diet quality at baseline according to NQI or RC-DQI with ATO or body composition at ATO, we used multivariate regression models. In the basic models, NQI or RC-DQI were the principle independent fixed effects. Each potential confounder was initially considered separately and included if it substantially modified the association of the diet quality index with ATO or body composition at ATO. Thus, sex and maternal overweight were retained in the basic model (model 1). In a further step, we adjusted for energy intake at baseline (model 2) and in a final model we controlled for confounding and/or mediation by body composition at baseline (model 3), because it has been proposed that body composition in childhood might be relevant for the timing of puberty (23) . The adjusted means were the least-squares means predicted by the model when the other variables were held at their mean values.
SAS procedures (version 9.1.3) were used for all data analyses. All analyses were performed with the significance level at P , 0.05, except for the interactions, where P , 0.1 was considered significant. There were no interactions between sex and the relations of the categories of NQI or RC-DQI with the timing of puberty markers or body composition at ATO (range of P-values: 0.2-0.8); thus, data from girls and boys were pooled for all analyses. Values in the text are means 6 SD.
Results
Children included in the present analyses (n = 222) were 7.4 6 1.3 y old at baseline, entered puberty at 9.4 6 1.2 y and had a relatively high socioeconomic status ( Table 1) . ATO and Z-scores of BMI, FMI, and FFMI did not differ between these 222 children and the 154 children who possessed plausible ATO but were excluded from this analysis because they lacked nutritional data (P $ 0.6).
Children with a lower diet quality according to the NQI consumed more dietary fat and saturated fat and less water, carbohydrates, fiber, vitamin C, folate, vitamin E, sodium, and iron in prepuberty ( Table 2) . Children reporting a lower diet quality as indicated by their RC-DQI score had a significantly higher added sugar intake, lower intakes of linolenic acid, grains, whole grains, vegetables, fruits, dairy foods, and iron, and a lower energy balance ratio, i.e. their energy intake exceeded the estimated energy output ( Table 3) . Despite the fact that the components of the diet quality indices partly accounted for energy intake (NQI score and nutrient intakes in the RC-DQI score were based on nutrients density), a higher dietary quality was associated with a higher energy intake for both indices (Table 2 and 3) .
With respect to their anthropometry at baseline, children reporting a lower diet quality according to the NQI score were more likely to have a lower FFMI Z-score compared with children with a higher diet quality ( Table 4) . Children with a lower diet quality according to their RC-DQI score had lower BMI and FMI Z-scores at baseline. The anthropometry at ATO was not associated with diet quality according to both diet quality indices.
In multivariate analyses, after adjustment for sex, maternal overweight, energy intake at baseline, and respective anthropometry at baseline, a lower NQI in prepuberty was still associated with an earlier ATO; children with a lower diet 1 Data are presented as means 6 SD or percent, n = 222. 2 Mean age of 2 and 3 y prior to ATO. 3 Determined from the parental interview (see additional information). 4 Maternal BMI $25 kg/m 2 . 5 Maternal school education at least 12 y.
Prospective relevance of diet quality for puberty onset 97 quality according to their NQI score entered puberty~0.4 y earlier than children with a higher diet quality (model 3, Table  5 ). Conversely, after adjustment for energy intake at baseline, the diet quality according to RC-DQI was no longer associated with ATO (model 2, Table 6 ). The NQI was not associated with body composition at ATO (Table 5 ) except for a lower FFMI Z-score at ATO among children with a lower diet quality (model 2, Table 5 ); however, this association was explained by their lower FFMI Z-score at baseline (model 3, Table 5 ). Children with a lower RC-DQI had a lower BMI Z-score and a lower FMI Z-score at ATO (model 1, Table 6 ), which was explained by both their energy intake (model 2, Table 6 ) and body composition 4 DHA, Docosahexaenoic acid; EPA, eicosapentaenoic acid. 5 1 ounce = 28.4 g. 6 Weights vary with foods in food groups, i.e. 1 cup of fruit is equivalent to~100-250 g, 1 cup of vegetables is equivalent to~50-150 g, and 1 cup of dairy is equivalent to~45-200 g. 7 Fruit juice was counted in fruit group, with 4 oz (~120 mL) being 1 serving (1 cup) (20) . 8 Overconsumption of 100% fruit juice, i.e. daily 100% fruit juice intake . 6 oz (~180 mL) for children younger than 7 y or .12 oz (~360 mL)
for children older than 6 y. 9 Ratio derived from energy expenditure estimated by MET to total daily energy intake. 10 1 kcal = 4.184 kJ.
(model 3, Table 6 ) at baseline. Further adjustments for other confounders did not change these results.
Discussion
Our study suggests that children with a lower diet quality in prepuberty, as indicated by the nutrient density-based index NQI, experience their pubertal growth spurt at an earlier age than children with a higher diet quality. This association was observed independently of prepubertal body composition. A similar association of diet quality according to the food group and nutrient density-based RC-DQI score with the timing of puberty onset was largely explained by baseline energy intakes. According to both indices, prepubertal diet quality was not independently associated with body composition at ATO. Our results have a more direct public health implication than studies focusing on single nutrients; a closer adherence to dietary recommendations appears to yield a later puberty onset. In the present study, we could use 2 of the 3 dietary quality indices that are currently available specifically for children (19) (20) (21) . However, because it is still unknown which dietary factors (nutrients, food groups, or both) may influence puberty onset, it appears prudent to use 2 diet quality indices capturing different aspects of diet quality.
The difference in age at pubertal onset of 0.4 y (~5 mo) between children with a lower and children with a higher diet quality observed in our study may have long-term consequences for risk of cancers, including breast (1,2) and testicular cancer (3, 4) . A meta-analysis of 26 epidemiological studies reported a reduction of breast cancer risk by 9% for every additional year at menarche (42) . Furthermore, cohort studies have demonstrated that a 1-y delay in menarche is associated with a 2.4 (5) to 4.5% (6) lower total mortality. Using serial data, girls with early menarche were found to have an elevated cardiovascular disease risk, e.g. those with early menarche had more deleterious changes in insulin, glucose, or blood pressure (43) . Although such data are only available for menarche, which is a marker of a relatively later stage of reproductive development, we believe that our finding of a 5-mo earlier pubertal growth spurt in those with a lower diet quality may also be of public health relevance.
In this study, children with a lower diet quality according to the nutrient density-based index were more likely to have a higher fat intake and lower intakes of carbohydrates, fiber, and micronutrients. Our findings are thus consistent with previous prospective observational studies, which suggested that a higher fat intake in girls aged 1-2 or 8-15 y was associated with earlier age at peak growth (9) or with accelerated menarche (13) and that a higher fiber intake (10,11) or higher intakes of carbohydrate and micronutrients (12) in girls aged 6-15 y were associated with a later timing of menarche. The robust independent association in our study may hence reflect a combined effect of these nutrients. Interestingly, additional analyses suggested that the association of the NQI with the pubertal growth spurt was primarily driven by micronutrients: folate, vitamin E, vitamin C, and calcium (data not shown). This may explain why the RC-DQI, which does not consider micronutrients except for iron intake, did not have an independent association with the timing of pubertal growth spurt. Thus, the adherence to (micro-) nutrient-specific recommendations may be more crucial with respect to puberty timing than adherence to food group-specific recommendations. An association of energy intake with the timing of menarche has been reported previously (16, 44, 45) . Diet quality in prepuberty according to the RC-DQI was no longer relevant after adjustment for baseline energy intake. In our children, energy intake was associated with ATO (data not shown) but also with the diet quality according to both indices, despite the fact that the components of the diet quality indices partly accounted for energy intake. Hence, the adjustment for energy intake removed the association of the RC-DQI with ATO, whereas the association of the NQI with ATO persisted, presumably because the latter also included the effects due to micronutrient intakes.
The association of diet quality with puberty onset was not mediated by body composition. Instead, higher fat intakes (46) and lower intakes of carbohydrate (47) and fiber (10, 46) among those with a lower diet quality may have enhanced the availability of circulating estrogen, thereby influencing pubertal development. Furthermore, lower intakes of vitamin C, vitamin E, and b-carotene have been shown to be associated with higher leptin concentrations in normal-weight and overweight children aged 6-14 y (48). It has been proposed that leptin levels may at ). 3 Categories of RC-DQI: lower (,25th percentile), moderate ($25th percentile and #75th percentile), and higher (.75th percentile). 4 P-value from the Kruskal-Wallis test for continuous variables and chi-square test for categorical variables. 5 Derived from the age-and sex-specific cutpoints proposed by the International Obesity Task Force, which are linked to the adult BMI cut point of 25 kg/m 2 (29) .
Prospective relevance of diet quality for puberty onset 99 least be a permissive signal for puberty onset (49) . Thus, the association of diet quality in prepuberty with the timing of puberty onset may have been mediated by estrogen and leptin metabolism. In our analysis, diet quality at baseline was not independently related to BMI, FMI, or FFMI at puberty onset. In fact, those children with a better diet quality at baseline tended to have a higher body weight status at baseline. This finding contrasts with the findings of previous cross-sectional studies in children and adolescents, which reported that a higher diet quality was associated with a lower percent body/abdominal fat among lowincome adolescents (22) , with a lower obesity prevalence in preschoolers from a representative sample (20) or with a lower BMI in nurses' offspring aged 9-14 y (19) . In view of the high maternal educational level in this sample, our findings may reflect behavioral adaptation, i.e. those children who were already overweight at baseline may have intended to lower their body weight by selecting a healthier diet. However, this attempt did not result in lower energy intakes. Instead, our data suggest that selection of a healthier diet was accompanied by an overall healthier lifestyle with a more favorable energy balance. We thus speculate that the tendency for a more favorable body composition at baseline among children with lower diet quality was more likely to be due to behavioral adaptation than to a biological mechanism. In our view, such an adaptation is more common in a population with a higher socioeconomic status (50) , such as the participants of the DONALD Study (25) . Conversely, it can be expected that an association of lower diet quality with a less favorable body composition is more likely to be seen in representative cohorts encompassing the full range of socioeconomic status.
Some additional limitations should be mentioned. First, in contrast to factor analysis and cluster analysis, which are commonly used for dietary pattern analysis (18) , dietary indices are an a priori dietary pattern created on the basis of previous knowledge on a "healthy" diet. Dietary indices can thus be fraught with uncertainties in selecting components to assign a score and subjectivity in defining cutoff points. However, the use of 2 diet quality scores that are both based explicitly on dietary recommendations for children but consider different aspects of diet quality may have partly overcome this potential limitation. Second, FMI and FFMI were estimated from skinfold thickness measurements, which are known to be more susceptible to measurement error than specialized research-based techniques (51) . However, intra-and interobserver variability are notably reduced when measurements are conducted by trained personnel, as was the case in our study (25) . Third, weighed 3-d dietary records may not be representative of habitual dietary intake. However, in our view, the use of the mean values of repeated 3-d weighed dietary records and the mean dietary values of 2 and 3 y prior to ATO partly overcame this potential limitation. Fourth, measures of physical activity available for this analysis were relatively crude.
Our study has considerable strengths, including its prospective nature and repeated detailed measurement of both anthropometric and dietary data in participants in conjunction with the ability to adjust for a number of major potential confounders both in children and in their parents. A further advantage lies in , and higher (.50th percentile of NQI + and . 50th percentile of NQI 2 ). 3 The differences between the categories (P diff ) were tested with NQI categories as categorical variables. 4 Model 1 adjusted for sex and maternal overweight. 5 Model 2 adjusted for variables in model 1 and energy intake at baseline. 6 Model 3 adjusted for variables in model 2 and BMI Z-score at baseline. 7 Model 3 adjusted for variables in model 2 and FMI Z-score at baseline. 8 Model 3 adjusted for variables in model 2 and FFMI Z-score at baseline. 9.2 (8.9, 9.6) 9.2 (9.0, 9.5) 9.8 (9.5, 10.1) 0.01 Model 2 5 9.5 (9.2, 9.7) 9.4 (9.2, 9.5) 9.4 (9.2, 9.7) 0.5 Model 3 6 9.5 (9.2, 9.7) 9.4 (9.2, 9.5) 9.4 (9.2, 9.7) 0.6 BMI Z-score at ATO Model 1 the use of the weighed dietary records, which are commonly thought to be a gold standard method of dietary assessment and the institute's nutritional database LEBTAB, which is continuously updated (34) .
In conclusion, our data suggest that healthy, free-living children with lower nutrient density-based diet quality in prepuberty enter puberty at an earlier age. This association was independent of body mass. Diet quality in prepuberty was not associated with body composition at puberty onset.
